Abstract 49
The upper thermal tolerance and mechanisms of heat-induced cardiac failure in the 50 brown trout (Salmo trutta fario) was examined. The point above which ion channel 51 function and sinoatrial contractility in vitro, and electrocardiogram (ECG) in vivo, 52 started to fail (break point temperature, BPT) was determined by acute temperature 53 increases. In general, electrical excitation of the heart was most sensitive to heat in the 54 intact animal (ECG) and least sensitive in isolated cardiac myocytes (ion currents). 55
BPTs of Ca 2+ and K + currents of cardiac myocytes were much higher (>28°C) than 56
BPT of in vivo heart rate (23.5±0.6°C) (P<0.05). A striking exception among 57 sarcolemmal ion conductances was the Na + current (I Na ), which was the most heat 58 sensitive molecular function with a BPT of 20.9±0.5°C. The low heat tolerance of I Na 59 was reflected as a low BPT for the rate of action potential upstroke in vitro 60 (21.7±1.2ºC) and the velocity of impulse transmission in vivo (21.9±2.2ºC). These 61 findings from different levels of biological organization strongly suggest that heat-62 dependent deterioration of Na + channel function disturbs normal spread of electrical 63 excitation over the heart, leading to progressive variability of cardiac rhythmicity 64 (missed beats, bursts of fast beating), reduction of heart rate and finally cessation of
Introduction 77
All biological functions have strict thermal limits, making environmental temperature 78 a decisive factor in geographical distribution of animal species (Precht et al., 1955) . 79
During >500 million years of evolution fishes have experienced changes in ambient 80 temperature, which have resulted in adaptations to a wide variety of thermal niches. 81
Depending on the extent of temperature specialization fishes can be classified as 82 steno-, meso-and eurythermal having narrow, moderate and wide thermal tolerance 83 range, respectively (Beitinger and Bennett, 2000) . Fishes living in stenothermal 84 environments are usually specialists and tolerate only a narrow range of temperatures, 85 the most striking examples being those of the Southern Ocean (Verde et al., 2006) . 86
Many freshwater fishes of north-temperate latitudes experience large seasonal 87 temperature changes and are therefore adapted to operate under a wider range of 88 temperatures, which extends from freezing point up to ~40°C (Horoszewicz, 1973 ; 89
Bennett and Beitinger, 1997; Ford and Beitinger, 2005) . Practically all such fishes 90 tolerate freezing winter waters, although the upper thermal tolerance limit varies 91 considerably among species. Salmonid fishes (family Salmonidae) usually prefer cool 92 habitats and show an upper thermal tolerance range of 22-28°C. For example, brown 93 trout (Salmo trutta fario) which manage best in cool waters with high oxygen content, 94
have an upper incipient lethal temperature of 22-25°C, and are therefore classified as 95 mesothermal fish (Elliott and Elliott, 2010) . 96
Although thermal dependences of various molecular and cellular processes are 97 known, factors that set the ultimate thermal tolerance limits of ectotherms are still 98 poorly understood. Evolutionary thermal adaptation is expressed in mitochondrial 99 volume density, membrane lipid composition, metabolic enzyme kinetics, functions of 100 membrane transporters and contractile proteins (Hazel and Williams, 1990; Somero, 101 1995; Johnston et al., 1998) . Interestingly, the limits of thermal tolerance appear first 102 at the level of intact animals, and only later in the function of tissues, cells and 103 molecules (Lagerspetz, 1987) . For example, heat tolerance of proteins and lipid 104 membrane structure are often higher than the upper thermal tolerance of the whole 105 organism (Cossins and Prosser, 1978; Hochachka and Somero, 1984; Somero, 1995) . 106
Although thermal disturbances first appear in higher level functions, they ultimately 107 reflect temperature-related deterioration or suboptimal function of some cellular and 108 molecular processes or mismatch of linked physiological processes. 109
Recent findings from both invertebrate and vertebrate ectotherms suggest that 110 heart function could be a limiting factor for upper thermal tolerance of animals 111 (Stillman and Somero, 1996; Seebacher et al., 2005; Farrell, 2009) . Similarly, the 112 hypothesis of an oxygen-limited thermal tolerance suggests that the circulatory system 113 is one of the key factors in setting thermal tolerance limits of ectotherms (Frederich 114 and Pörtner, 2000). Therefore, it would be interesting to know which molecular 115 mechanisms might be limiting for the heat tolerance of ectothermic hearts. function. Species-specific differences in channel composition and subunit assemblies 121 may provide different thermal dependencies to electrical excitability of the fish heart. 122
For example, the inward rectifier potassium current, I K1 , which is responsible for 123 maintaining the negative resting membrane potential, is formed by different Kir2 124 channels in different species Hassinen et al., 2008b) . In 125 cardiac myocytes of rainbow trout (Oncorhynchus mykiss) the I K1 is produced by 126
Kir2.1 and Kir2.2 channels, while in cardiac myocytes of crucian carp the same 127 current is generated by Kir2.2 and Kir2.5 channels. The absence of Kir2.5 channels in 128 trout is probably the reason why cold-acclimation decreases I K1 in rainbow trout heart, 129 while crucian carp myocytes show cold-induced increase of the I K1 (Hassinen et al., 130 2007; Hassinen et al., 2008b) . 131
Electrical excitation of the heart involves a range of molecular mechanisms that 132 potentially could be responsible for thermal limitation of fish cardiac function. 133 Therefore, the aim of the current study was to examine whether ion channel function 134 of the brown trout heart is sensitive to temperatures close to the upper thermal 135 tolerance limit of the fish, and therefore represent a limiting factor for electrical 136 excitability of the heart. To this end acute thermal tolerances of ion currents of cardiac 137 myocytes, contractility of spontaneously beating sinoatrial preparations and in vivo 138 electrocardiogram were compared. Based on thermal sensitivity of cardiac function in 139 other ectotherms, we hypothesized that electrical excitability of brown trout heart is 140 vulnerable to temperatures that lead to heat death of the fish, and that this can be 141 attributed to thermal deterioration or suboptimal function of one or more ion currents. 142
Materials and Methods 144 Animals 145
Experiments were conducted on cultivated brown trout (Salmo trutta fario) (113.3 ± 146 10.8 g, n=37) that were obtained from a local fish farm (Kontiolahti, Finland). In the 147 animal house of the university the fish were maintained in 500 L metal aquaria at 148 water temperature of 12 ± 1°C, and fed commercial food pellets (Ewos; Turku, 149 Oxford, UK). After implantation of electrodes the fish were allowed to recover from 166 the operation for about 2 days before the thermal challenge. EGC recordings were 167 started at the temperature of about 10°C and temperature was raised at the rate of 168 ~1.5°C· h -1 until disturbances appeared in the ECG, with uninterrupted recordings of 169 ECG and temperature made throughout (LabChart, ADInstruments). The amplified 170 signal was plotted in real time, and inter-beat intervals extracted from the raw trace, 171 defined as the period between the R waves of successive heart beats. Atrial and ventricular myocytes were isolated with enzymatic digestion using the 193 same solutions and enzymes as in our original method for fish hearts (Vornanen, 194 1997 ). In brief, 7 minute perfusion of the heart with Ca 2+ -free saline was followed by 195 The difference between the peak current and the current at the end of 300 ms 238 depolarizing pulse from the holding potential of -60 mV to +10 mV was taken as I Ca at 239 different temperatures. 240
All current and voltage recordings were started at 4°C and then temperature was 241 gradually raised at the rate of ~3°C min -1 until ion current or membrane voltage 242
showed evident decline. The temperature after which they started to decline is termed 243 the break point temperature (BPT) and is regarded as the upper thermal tolerance limit 244 of the corresponding membrane function. Effects of temperature on ionic currents are When approaching the upper thermal tolerance limit of the animal, irregularities 291 appeared in cardiac rhythmicity and HR started to decline at BPT of 23.5 ± 0.6ºC. 292
Arrhythmicity first appeared as increasing heterogeneity of interbeat intervals and 293 later on as bursts of repetitive activity ( Supplementary Fig. 1 ). The break-up of 294 normal cardiac rhythm was obvious in the parameters of HR power spectra (BPT= 295 21.6 ± 5 ºC) (Fig. 2) . Power spectral analysis of a broader selection replicated the HR 296 vs. temperature relationship, and showed a consistent thermal sensitivity among 297 animals (NN=-82.7 ± 3.0 ms· which all fishes showed a clear upward shift (Fig. 2D , the circled data points). With 307 further increases in temperature spectral analysis became difficult due to 308 electromyograph interference from respiratory muscles and unreliable due to 309 heterogeneity in interbeat intervals. This was evident around the BPT, clearly seen as 310 deviations in the Poincare plots and period histograms ( Supplementary Fig. 1 ). 311
One obvious change in ECG was an abrupt increase in QRS complex duration at 312 high temperatures. First, the duration of the QRS slightly reduced with risingtemperature up to the BPT of 21.9 ± 2.2 ºC, after which it strongly increased (Fig. 3) . 314
Duration of QRS complex is a measure for the velocity of impulse transmission over 315 the ventricle and therefore broadening of QRS complex indicates depression in the 316 rate of AP spread over the heart. 317 318
Atrial contractility in vitro 319
Spontaneously beating sinoatrial preparations were used to determine temperature 320 tolerance of cardiac contractility (Fig. 4) . The intrinsic HR increased linearly from 25 321 ± 5 beats min -1 at 3°C to a maximum of 124 ± 6 beats min -1 at 25°C (overall 322 Q 10 =2.15), then declined at higher temperatures and often completely ceased if 323 temperature was not immediately lowered. The BPT for intrinsic HR was 25.8 ± 324 0.6°C (Table 1) (Fig. 7) (Vornanen, 1998; Shiels et al., 2000) . 374
The density of I Ca increased with an overall Q 10 of 1.7 between 10°C and a BPT of 375 30.1 ± 0.5°C, above which I Ca steeply declined. These findings indicate that I Ca of the 376 brown trout heart is fairly resistant to high temperatures. 377 378 Sodium current 379 I Na of the brown trout was similar to that of the rainbow trout in regard to voltage-380 dependence and current density (Fig. 7) (Haverinen and Vornanen, 2004) . I Naincreased with an average Q 10 of 2.3 between 4°C and a BPT of 20.9 ± 0.5°C, above 382 which the current strongly decreased. The V-shaped temperature dependence curve of 383 I Na is a mirror image to the inverted V-shape curve of AP upstroke velocity (Fig. 5F) . 384 I Na density at 35°C is only slightly higher than at 5°C. The BPT of I Na was 385 significantly lower than the BPTs of I Kr , I K1 and I Ca (P<0.05), and was the most 386 sensitive molecular function to high temperatures among the measured electrical or 387 contractile parameters of the brown trout heart. 388 389 Discussion 390
To explain the thermal sensitivity of a particular organ function or an intact organism, 391 temperature dependences of the underlying molecular processes need to be described. 392
Ideally, it would be illustrative to compare the BPT of an organ function with BPTs of 393 all those molecular entities that generate it. Electrical excitability of the heart (ECG, 394 AP, HR) is a thoroughly characterized higher level function and its underlying 395 molecular entities (ion channels/currents) are also well-known for fish cardiac 396 myocytes (Vornanen, 1998 The four ion currents of the brown trout heart measured in this study showed 502 different heat resistances. The most resilient to high temperatures was I K1 followed by 503 I Ca and I Kr . I Na had clearly the lowest threshold for temperature-dependent 504 deterioration with a 6.4°C lower BPT than the next heat sensitive current, the I Kr . 505
Opening and closing of ion channels requires conformational changes in the ion 506 channel proteins known as 'gating' between conducting and non-conducting states 507 (Bezanilla, 2005) . Similar to enzyme reactions, gating of ion channels is strongly 508 dependent on temperature (Collins and Rojas, 1982) . Considering the implicit kinetic 509 compromise, the high sensitivity of I Na for thermal inactivation may reside in its high 510 catalytic activity. The kinetics of sodium channel gating is very fast, resulting in an 511 almost instantaneous opening of the channels upon small membrane depolarization, 512
followed by large Na + influx and rapid inactivation during a maintained 513 depolarization (Patlak, 1991) . The high catalytic activity of Na + channels probably 514 requires high molecular flexibility, which may come with the trade-off of low thermal 515 stability. 516
The BPTs of I Na density and upstroke velocity of AP are in excellent agreement, 517 differing only 0.8°C. Furthermore, the BPT of the velocity of impulse conduction in 518 vivo also shows low heat tolerance. Since the density of I Na is the main determinant 519 for the velocity of impulse conduction, heat inactivation of I Na is expected to 520 compromise the rate of AP propagation over the heart. This is keeping with the 521 mammalian models, where the loss of cardiac Na + channel function is associated with 522 slowing of sinoatrial conduction and frequent sinoatrial or atrioventricular conduction 523 blocks (Derangeon et al., 2012) . Therefore, the large increases in HR variability, 524 missed beats and depression of HR in brown trout at high temperatures could be due 525 to slowed or impaired AP conduction between cardiac compartments rather than 526 caused by heat inactivation of the impulse generation in the pacemaker center. Indeed, 527 the slightly better heat tolerance of the sinoatrial tissue in vitro suggests that 528 conductive pathways and the ventricle are more sensitive to heat than the pacemaker 529 tissue. Examination of temperature modulation of isolated pacemaker cells is needed 530
to exclude putative contribution of direct heat inactivation of the pacemaker 531 mechanism to thermal deterioration of cardiac contractility. 532
The threshold potential is the critical level to which the membrane potential must 533 be depolarized in order to initiate an AP, i.e. at that voltage the density of the inward 534 I Na exceeds the total density of the outward K + currents (mainly the I K1 ). Therefore, 535 large increases in repolarizing K + currents or decrease in I Na can result in AP failure 536 (Huxley, 1959; Guttman, 1962; Golod et al., 1998; Rosenthal and Bezanilla, 2002) . 537
Under a rising temperature regime, a cardiac myocyte is expected to become 538 electrically unexcitable, if the Q 10 value of the repolarizing currents is greater than 539 that of the depolarizing currents, i.e. if the total density of K + currents increases faster 540 than the density of I Na . In this respect it is notable that in brown trout myocytes I Na 541 started to decline above 20.9ºC, while I Kr and I K1 still continue to increase with 542 temperature. With increasing temperature RMP becomes increasingly negative, while 543 depolarizing power of I Na decreases; the resultant imbalance of repolarizing and 544 depolarizing currents prevents reaching the threshold potential, i.e. AP fails (Fig. 8) . 545
This may be the reason why heartbeat in brown trout completely ceases at 546 temperatures slightly above 25°C. 547
This study shows that function of the cardiac I Na is compromised at high 548 temperatures, which might be a contributing factor to heat-dependent depression of 549 cardiac contractility in the brown trout. However, Na + channels are not restricted to 550 cardiac myocytes, but occur in many other cell types, in particular in neurons and 551 muscle cells. At least 8 alpha subunits of voltage-gated Na + channels exist in teleost 552 fishes with different tissue distribution (Widmark et al., 2011) . Therefore, it is 553 possible that similar thermal sensitivity of I Na as shown here for the trout cardiac 554 myocytes, might also compromise Na + channel function in nervous system and 555 skeletal muscles with possibly dangerous consequences to behavior, locomotion and 556 other vital functions. The trout cardiac I Na is mainly produced by the Na V 1.4a subunits 557 , and it remains to be shown whether other Na + channel 558 isoforms show similar thermal sensitivity as the cardiac isoform. An interesting topic 559 for further research is the molecular mechanism, which makes the fish cardiac Na + 560 channels sensitive to heat inactivation, i.e. which amino acid sequences or ion 561 channels domains are involved in heat-sensitivity of the ectothermic Na + channels. 562
The significance of lipid annulus around the channel protein needs to be also clarified. 563
564

Conclusions 565
The present findings show that ECG in vivo and contractility of sino-atrial preparation 566 in vitro are in general more sensitive to temperature-dependent deterioration than ion 567 channel function in single isolated myocytes. These findings are in agreement with 568 the generalization that body functions at higher level of biological organization 569 (physiology) are more thermally sensitive than are most cellular and molecular 570 mechanisms upon which the higher level functions are based on (Lagerspetz, 1987) . 571
In the brown trout heart, a clear exception to this rule is the upper thermal tolerance of 572 the I Na which shows a lower BPT than the higher level functions, HR in vivo and HR 573 in vitro. 574
Cardiac output in fishes increases with increasing temperature mainly via 575 elevations in HR and with little or no changes in stroke volume (Gollock et Heart rate in vitro 25.8 ± 0.6 7
Force of atrial contraction 25.6 ± 0.7 7
Atrial pumping capacity 25.4 ± 0.4 7
Half-width of atrial contraction 24.9 ± 0.4 7
Rise time of atrial contraction 24.6 ± 0.6 7
Decay time of atrial contraction 24.3 ± 0.8 7
Resting membrane potential (ventricle) 29.6 ± 1. 
